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Inflationary Universe

• Solves the flatness and horizon problems.

• An almost scale-invariant, adiabatic, Gaussian primordial 
spectrum predicted by inflation in good agreement with data.

Starobinsky; Guth; Linde; Albrecht, Steinhardt; …

Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the
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Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

Fig. 15. Spatial distribution of the noise RMS on a color scale of 25 µK
for the SMICA CMB map. It has been estimated from the noise map
obtained by running SMICA through the half-ring maps and taking the
half-di↵erence. The average noise RMS is 17 µK. SMICA does not
produce CMB values in the blanked pixels. They are replaced by a con-
strained Gaussian realization.

for bandpowers at ` < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-`’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (` < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
to a correction based on the 353 GHz Planck polarization data,
the parameters extracted from the likelihood are changed by less
than 1�.

At smaller scales, 50 < ` < 2500, we compute the power
spectra of the multi-frequency Planck temperature maps, and
their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over
the confidence mask, and after removing the beam window function:
spectrum of the CMB map (dark blue), spectrum of the noise in that
map from the half-rings (magenta), their di↵erence (grey) and a binned
version of it (red).

217 GHz channels, and cross-spectra between these channels11.
Given the limited frequency range used in this part of the analy-
sis, the Galaxy is more conservatively masked to avoid contam-
ination by Galactic dust, retaining 58 % of the sky at 100 GHz,
and 37 % at 143 and 217 GHz.

11 interband calibration uncertainties have been estimated by compar-
ing directly the cross spectra and found to be within 2.4 and 3.4⇥10�3

respectively for 100 and 217 GHz with respect to 143 GHz
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UV Sensitivity of Inflation
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1.4 The Physics of Inflation

We have shown that a given FRW background with time-dependent Hubble parameter H(t)

corresponds to cosmic acceleration if and only if

" ⌘ � Ḣ

H2
< 1 . (1.4.36)

For this condition to be sustained for a su�ciently long time, requires

|⌘| ⌘ |"̇|
H"

⌧ 1 , (1.4.37)

i.e. the fractional change of " per Hubble time is small. In this section, we discuss what

microscopic physics can lead to these conditions.

1.4.1 False Vacuum Inflation

The first version of inflation considered a universe dominated by the constant energy density

of a metastable false vacuum. This leads to an exponentially expanding de Sitter space with

H = const., and hence " = ⌘ = 0. However, classically, false vacuum inflation never ends.

Quantum-mechanically, tunnelling from the false vacuum to the true vacuum ends inflation

locally, but the post-inflationary universe looks nothing like our universe. The universe is either

empty or much too inhomogeneous. This is the graceful exit problem of old inflation. Any

successful inflationary mechanism has to include a way of ending inflation and successfully

reheating the universe. We will have to work a bit harder.

1.4.2 Slow-Roll Inflation

Consider a scalar field �, the inflaton, minimally coupled to Einstein gravity10

S =

Z

d4x
p

�g

"

M2
pl

2
R � 1

2
gµ⌫@µ�@⌫� � V (�)

#

, (1.4.38)

where R is the four-dimensional Ricci scalar derived from the metric gµ⌫ and V (�) is so far an

arbitrary function:

10In principle, we could imagine a non-minimal coupling between the inflaton and the graviton, however, in

practice, non-minimally coupled theories can be transformed to minimally coupled form by a field redefinition.

Similarly, we could entertain the possibility that the Einstein-Hilbert part of the action is modified at high

energies. However, the simplest examples for this UV-modification of gravity, so-called f(R) theories, can again

be transformed into a minimally coupled scalar field with potential V (�).

This is generic for any model of inflation



Inflation & Gravity Waves



A distinguishing parameter is the tensor-to-scalar ratio r.

Many experiments including BICEP/KECK, PLANCK, ACT, PolarBeaR, 
SPT, SPIDER, QUEIT, Clover, EBEX, QUaD…  

can potentially detect such primordial B-mode if r≾10-2.

LiteBIRD may even have the sensitivity to detect r ~ 10-3.
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B-mode and Inflation

If primordial B-mode is detected, natural interpretations:


✦ Inflation took place at an energy scale around the GUT scale


✦ The inflaton field excursion was super-Planckian


✦ Great news for string theory due to strong UV sensitivity!
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Large Field Inflation



Chaotic Inflation Linde ’86



Classical backreaction is under control.

Chaotic Inflation Linde ’86



graviton
inflaton

Quantum corrections are small.

Chaotic Inflation Linde ’86



Light fields can become heavy;

Heavy fields can become light

Concerns arise if we consider coupling the theory to the UV degrees 
of freedom of a putative theory of quantum gravity.



Large Field Inflation

• Large field inflation corresponds to models w/ 

• Chaotic m2ϕ2 inflation [Linde, ‘86] & natural inflation [Freese 
et al, ‘90] are radiatively stable, but coupling to UV dofs:  

• Large field inflation is highly sensitive to UV physics.

�� > MP



Axions & Large field inflation

• Axions seem ideal inflaton candidates: V protected 
by a perturbatively exact global symmetry: 

• Non-perturbative potential: 

• Broken shift symmetry: 

• Controlled, slow-roll potential:

Natural Inflation:
Freese et. al ‘90� ⇠ �+ c =) V (p) = 0

V (�) =
X

k

ck e
�km


1� cos

✓
k�

f

◆�

� ⇠ �+ c �! �+ 2⇡f

e�m ⌧ 1 , f > Mp

f ·m > Mp 



Axions & Large field inflation

•                      the global symmetry becomes 
effectively exact. 

• Quantum gravity dislikes and violates global 
symmetries

f ·m � Mp

However… 

Kallosh, Linde, Linde, Susskind ‘95

decay constant

V ~ e-m

Banks, Seiberg ‘10 



Axions in String Theory

String theory has many higher-dimensional form-fields:

2-form gauge potential:

e.g.

3-form flux

gauge symmetry:

Integrating the 2-form over a 2-cycle gives an axion:

The gauge symmetry becomes a shift symmetry.



Axions & Large field inflation

• Axions are abundant in string compactifications, 
e.g.  

• Large decay constants do not seem to arise 

• Either 

• Or higher harmonics become important (and new light 
states appear) 

f < MP

Banks et al. ’03
Svrcek, Witten  ‘06

bi =

Z

⌃i
2

B2 , ci =

Z

⌃i
p

Cp

e�m ⇠ 1



Two Distinct Classes 
of Large Field Inflation



Multiple Axions

• Alignment [Kim, Nilles, Peloso ’04];[Kappl, Krippendorf, Nilles ’14]; [Choi, Kim, Yun ’14];
[Tye. Wong ’14];[Ben-Dayan, Pedro, Westphal ‘14];[Kappl, Nilles, Winkler ’15]; … 

• N-flation [Dimopoulos, Kachru,McGreevy,Wacker ’05]; ,,, 
• Kinetic and Stuckelberg Mixings [GS, Staessens, Ye, ’15];[Bachlechner, Long, 

McAllister, ’14-’15]; … 
• Multi-field Extra-natural [de la Fuente, Saraswat, Sundrum ’14]; …



Axion Monodromy

via brane coupling [Silverstein, Westphal ’08];[McAllister, Silverstein, Westphal ’08]; 
…, or flux potential [Marchesano, GS, Uranga ’14];[Blumenhagen, Plauschinn ’14];
[Hebecker, Kraus, Witowski, ’14];[McAllister, Silverstein, Westphal, Wrase ’14]; …

A single axion with a perturbative mass

!

!

!

Axion Monodromy Inflation

Combine chaotic inflation and 
natural inflationIdea:

Siverstein & Westphal ’08

2⇡f�

The axion periodicity is lifted, allowing for super-Planckian 
displacements. The UV corrections to the potential should 
still be constrained by the underlying symmetry



Multi-Axion Inflation



Multi-axion Inflation

• Recent efforts into evading such constraints with 

Multiple Axions 

• Aligned axions: � , ⇢

V (�, ⇢) = ⇤1


1� cos

✓
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KNP ’04; …



Multi-axion Inflation

• Recent efforts into evading such constraints with 

Multiple Axions 

• N-flation: N axions 

• Large decay constant along the “radial” direction:

�i

V (�i) =

X

i

⇤i


1� cos

✓
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f

◆�

⇢2 =
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i

�2
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Dimopoulos et al. ‘08
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Multi-axion Inflation

• Recent efforts into evading such constraints with 

Multiple Axions 

• Generically: large-N, KNP-alignment, kinetic mixing 

• Even if             , it seems possible that 

(�⇢)
max

⇠

8
<

:

Npf , p � 1/2

nNf

f ⌧ Mp (�⇢)
max

� M
p

Choi et al. ’14
Bachlechner et. al ’14

Junghans ‘15



Axions & Large Field Inflation

• Is there a fundamental reason why models with a 
single axion have small decay constants? 

• If so, can multi-axion models (or axion monodromy) 
evade it? 

• Input from quantum gravity & string theory needed

m · f < MP



The 
Weak Gravity Conjecture



The Weak Gravity Conjecture

• The conjecture: 

“Gravity is the Weakest Force” 

• For every long range gauge field there exists a particle 
of charge q and mass m, s.t.  

Arkani-Hamed et al. ‘06

q

m
MP � “1”



The Weak Gravity Conjecture

+ +
Fe FeFg Fg

• Take a U(1) and a single family with q < m  ( WGC ) 

MP ⌘ 1



The Weak Gravity Conjecture

+ +
Fe FeFg Fg

• Take a U(1) and a single family with q < m  ( WGC ) 

2m > M2 > 2q 3m > M3 > 3q Nm > MN > Nq M1 ! Q1

Extremal 
BH

BH

... ... 

Susskind ‘95

• Form bound states 

• All these (BH) states are stable. Trouble w/ remnants

MP ⌘ 1



The Weak Gravity Conjecture

+ +
Fe FeFg Fg

• Take a U(1) and a single family with q < m  ( WGC ) 

q

m
� “1” ⌘ Q

Ext

M
Ext

• Need a light state into which they can decay

2m > M2 > 2q 3m > M3 > 3q Nm > MN > Nq M1 ! Q1

Extremal 
BH

BH

... ... 

Susskind ‘95

• Form bound states 

• All these (BH) states are stable. Trouble w/ remnants

MP ⌘ 1



The Weak Gravity Conjecture

• For bound states to decay, there must ∃ a particle w/ 

Strong-WGC: satisfied by lightest charged particle 
Weak-WGC: satisfied by any charged particle

Arkani-Hamed et al. ‘06

q

m
� “1” ⌘ Q

Ext

M
Ext

where QL is 22-dimensional vector and QR is 6-dimensional vector. The charges are quan-

tized, lying on the 28-dimensional even self-dual lattice with

Q2
L − Q2

R ∈ 2 (21)

Moving around in moduli space corresponds to making SO(22, 6) Lorentz transformations

on the charges.

Q = M

Q

M

Figure 4. The charge M of the heterotic string states of charge Q approaches

the M = Q line from below. The yellow area denotes the allowed region.

The extremal black hole solutions in this theory were constructed by Sen [8]. For Q2
R −

Q2
L > 0, there are BPS black hole solutions with mass

M2 =
1

2
Q2

R (22)

where we work in units with MPl = 1. For Q2
L − Q2

R > 0, the black holes are not BPS; still,

the extremal black holes have mass

M2 =
1

2
Q2

L . (23)

We can compare this with the spectrum of perturbative heterotic string states, given by

M2 =
1

2
Q2

R + NR =
1

2
Q2

L + NL − 1 (24)

where NR,L are the string oscillator contributions and where we chose units with α′ = 4.

The −1, coming from the tachyon in the left-moving bosonic string, is crucial. Note that

this spectrum nicely explains the BH spectrum of the theory, as the highly excited strings

are progenitors of extremal black holes. Consider large QL, QR , with Q2
R > Q2

L. Then,

13

E.g. Heterotic spectrum:

M2 / Q2
L + 2NL � 2



The Weak Gravity Conjecture

• Suggested generalization to p-dimensional objects 
charged under (p+1)-forms: 

• p=-1 applies to instantons coupled to axions: 

• Seems to explain difficulties in finding  

• Is there evidence for the p=-1 version of the WGC?

Q

Tp
� “1”

e�Sinst = e�m+i�/f =) fm  “1”

f > MP

Brown, Cottrell, GS, Soler



WGC and Axions

T-dual

Type IIA Type IIB

Dp-Instanton 
(Axions)

S1S̃1

Rd�1 ⇥ S̃1

Rd Rd

D(p+1)-Particle 
(Gauge bosons)

Rd�1 ⇥ S1

• T-duality provides a subtle connection between 
instantons and particles

Brown, Cottrell, GS, Soler



WGC and Axions

Type IIA Type IIB

Axions:

Instantons: D1 on

“Couplings”:

�i ⇠
Z

⌃(i)
2

C2

⌃(i)
2

Gauge fields:

Particles: D2 on

“Couplings”:
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2

WGC Sinstk ⇠ �mk + i(f i
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p
g33
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q̃ik = (f i
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�1

p
2
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Brown, Cottrell, GS, Soler



• Apply the WGC to 5d particles:

WGC and Axions

4d Type IIB 
D1-instantons

4d Type IIA 
D2-particles

5d M-theory 
M2-particles

m̃i ⇠ mi

q̃i ⇠ f�1
i

g̃s � 1

mi

fi

gs ⌧ 1

M (5d)
i ⇠ mi

Q(5d)
i ⇠ f�1

i

RM ! 1

Q(5d)

M (5d)
i

M (5d)
P =

M (IIB)
Pp
2fi mi

� “1”
Q(5d)

M (5d)
i
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P =

M (IIB)

Pp
2fi mi
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◆

Ext5d

=
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2

3

Brown, Cottrell, GS, Soler



• Apply the WGC to 5d particles:

WGC and Axions

4d Type IIB 
D1-instantons

4d Type IIA 
D2-particles

5d M-theory 
M2-particles

m̃i ⇠ mi

q̃i ⇠ f�1
i

g̃s � 1

mi

fi
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M (5d)
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Q(5d)
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Ext5d

=

r
2

3

Brown, Cottrell, GS, Soler



WGC and Axions

e�Sinst = e�m+i�/f

• For each axion (gauge U(1)) there must be an instanton 
(particle) with

f ·m 
p
3

2
MP

Brown, Cottrell, GS, Soler

For a RR 2-form in IIB string theory. Similar bounds for axions from 
other p-forms in other string theories have also been obtained.



Multiple Axions/
Multiple U(1)’s



Multiple axions/U(1)s 

• Consider two U(1) bosons (axions): there must be 2 
particles (instantons) i=1,2, so that BH’s can decay.

WGC and Axions
Brown, Cottrell, GS, Soler ‘15
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Multiple axions/U(1)s 

• Consider two U(1) bosons (axions): there must be 2 
particles (instantons) i=1,2, so that BH’s can decay.
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Multiple axions/U(1)s 

• Consider two U(1) bosons (axions): there must be 2 
particles (instantons) i=1,2, so that BH’s can decay.
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Multiple axions/U(1)s 

• Consider two U(1) bosons (axions): there must be 2 
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Multiple axions/U(1)s 

• Consider two U(1) bosons (axions): there must be 2 
particles (instantons) i=1,2, so that BH’s can decay.
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Multiple axions/U(1)s 

• Consider two U(1) bosons (axions): there must be 2 
particles (instantons) i=1,2, so that BH’s can decay.
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Multiple axions/U(1)s 

• Consider two U(1) bosons (axions): there must be 2 
particles (instantons) i=1,2, so that BH’s can decay.

|~z
BH

|  “1”

WGC and Axions
Brown, Cottrell, GS, Soler ‘15

Cheung, Remmen ’14
Rudelius ‘15

~zi ⌘
MP

Mi

�
Q1

i Q2
i

� ✓
=

MPp
2mi

�
1/f1

i 1/f2
i

�◆

|~z
EBH

| ⌘ “1”

~zp1 � (“1” 0)

~zp2 � (0 “1”)

WGC
|~z | = “1”

\
Convex Hull {~zp1, ~zp2}

“1”

“1”



Multiple axions/U(1)s 

• Consider two U(1) bosons (axions): there must be 2 
particles (instantons) i=1,2, so that BH’s can decay.

WGC and Axions

~zi ⌘
MP

Mi

�
Q1

i Q2
i

� ✓
=

MPp
2mi

�
1/f1

i 1/f2
i

�◆

WGC
|~z | = “1”

\
Convex Hull {~zp1, ~zp2}

“1”

“1”
KNP

Brown, Cottrell, GS, Soler ‘15
Cheung, Remmen ’14

Rudelius ‘15



Multiple axions/U(1)s 

• Consider two U(1) bosons (axions): there must be 2 
particles (instantons) i=1,2, so that BH’s can decay.

WGC and Axions

~zi ⌘
MP

Mi

�
Q1

i Q2
i

� ✓
=

MPp
2mi

�
1/f1

i 1/f2
i

�◆

WGC
|~z | = “1”

\
Convex Hull {~zp1, ~zp2}

“1”

“1”
N-flation

“1”zki �
p
N�ki

p
N

p
N

p
N

Brown, Cottrell, GS, Soler ‘15
Cheung, Remmen ’14

Rudelius ‘15



WGC and Multi-axion Inflation

• Generally, given a set of instantons that gives a 
super-Planckian ``diameter” in axion field space: 

we showed that the convex hull generated by these 
instantons does not contain the extremal ball. 

• Our conclusions agree w/ the gravitational instanton 
diagnostics of [Montero, Uranga, Valenzuela ’15]

When P=N, define:
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Is there a way around this?

Loophole suggested in Brown, Cottrell, GS, Soler

Is there a way around this?

Loophole suggested in Brown, Cottrell, GS, Soler,
 “Fencing in the Swampland”, arXiv:1503.04783 [hep-th]



A possible loophole

• The WGC requires f∙m<1 for ONE instanton, but not ALL 

With 

• The second instanton fulfills the WGC, but is negligible, 
an “spectator”.  Inflation is governed by the first term. 

1 < m ⌧ M, F � MP > f, M ⇥ f ⌧ 1
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A possible loophole
• In the presence of “spectator” (negligible) instantons that 

fulfill the WGC, dominant instantons can generate an 
inflationary potential 

• These scenarios generically violate the Strong-WGC: 
“The LIGHTEST charged states satisfy                 “Q/M > 1



WGC: Weak vs Strong
• Infinitely manly stable remnants in a finite mass range 

leads to pathologies. Susskind  
• This led one to conjecture: [Arkani-Hamed, Motl, Nicolas, Vafa ’06] 

• there shouldn’t be ∞ exactly stable remnants (weak)
• these ∞ remnants can decay to lightest state (strong)

• The loophole we found amounts to hiding our ignorance 
about the spectrum of states at the Planck scale. 

• The whole point of large field inflation in string theory is 
to tame the UV sensitivity. 

• Burden of proof is on those who claim to have found 
viable string theory realizations.



Axion Monodromy
• Axion is mapped to a massive gauge field. 
• Possible tunneling to different branches of the potential: 

• Suppressing this tunneling can lead to a bound on field 
range (hence r)

✤ The integer k in the Lagrangian


corresponds to a discrete symmetry of the theory broken 
spontaneously once a choice of four-form flux is made.     
This amounts to choose a branch of the scalar potential

Discrete symmetries and domain walls
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Extra-Natural Inflation

• 5D U(1) gauge theory compactified on a circle: 

• KK 1-loop potential, interpreted as instanton sum 
• WGC  ⇒  

• Give up parametric control, rely on n-5 suppression? 
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known superstring constructions, which provide reason-
ably explicit UV descriptions of QG. Such constructions
feature many moduli fields (for example, describing the
size and shape of several extra dimensions) which must be
stabilized and which also receive time-dependent back-
reaction e↵ects during the course of inflation. Consis-
tently constructing and analyzing models of this type
can be an involved and di�cult task, and there is as
yet no fully realistic top-down derivation. Nevertheless,
considerable qualitative progress has been made on possi-
ble shapes and field-ranges of inflaton potentials in string
theory and their e↵ects [10–18].

Alternatively, one can try to construct bottom-up ef-
fective field theory models, incorporating simple mech-
anisms that shield the inflationary structure from un-
known QG corrections, aspects of which have been pre-
viously explored in e.g. [19–28]. However, studies of ro-
bust quantum properties of large black hole solutions
in General Relativity, as well many string theory prece-
dents, strongly suggest that there are non-trivial con-
straints on e↵ective field theory couplings in order for
them to be consistent with any UV completion incorpo-
rating QG, which make inflationary model-building chal-
lenging. In this paper, we will discuss the impact of such
black-hole/QG considerations in the context of Natural
Inflation, in particular the role of the Weak Gravity Con-
jecture (WGC) [29]. While these considerations rule out
some inflationary models, we demonstrate for the first
time that there do exist simple and predictive e↵ective
theories of natural inflation, consistent with the WGC,
where the inflaton arises from components of higher-
dimensional gauge fields. The advantage of the e↵ective
field theory approach is two-fold: (i) the models have
relatively few moving parts, whose dynamics can be an-
alyzed quite straightforwardly and comprehensively, and
(ii) one can achieve full realism. We believe that such a
higher-dimensional realization yields the most attractive
framework for cosmic inflation to date. Further elabora-
tion of our work will be presented in [30].

QUANTUM GRAVITY CONSTRAINTS

Classical black holes can carry gauge charges, observ-
able by their gauge flux outside the horizon, but not
global charges. Studies of black hole formation and
Hawking evaporation, combined with the statistical in-
terpretation of their entropy, then imply that such quan-
tum processes violate global charge conservation [31, 32].
By the Uncertainty Principle this holds even for virtual
black holes, implying that at some level global symme-
tries such as those desired for Natural Inflation cannot
co-exist with QG. Of course, global symmetries are seen
in a variety of experimental phenomena, but these are
accidental or emergent at low energies, while Natural In-
flation only achieves slow roll for f > M

pl

! A loop-hole

is that 1/f may represent a weak coupling and low-scale
symmetry breaking rather than very high scale breaking.
The mechanism of “Extranatural Inflation” [19] precisely
exploits this loop-hole, realizing � as a low-energy rem-
nant of a U(1) gauge symmetry. The model is electro-
dynamics, but in 4+1-dimensional spacetime, with the
usual dimensions, xµ=0�3, augmented by a very small
extra-dimensional circle, x5 2 (�⇡R,⇡R]. The 3+1-
dimensional inflaton is identified with the phase of the
gauge-invariant Wilson loop around the circle,

�(xµ) ⌘ 1

2⇡R

I
dx5A

5

(xµ, x5). (5)

Classically, the masslessness of the Maxwell field,
AM=µ,5, matches onto V (�) = 0 in the long distance
e↵ective theory � R. But 4+1D charged matter, with
charge g

5

, mass m
5

, and spin S, corrects the quantum
e↵ective potential [33, 34],
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where (e�2⇡Rm5)/R4 is a typical (Yukawa-suppressed)
extra-dimensional Casimir energy density, and the phase
captures an Aharonov-Bohm e↵ect around the circle. We
have written this in terms of the emergent scale,

f ⌘ 1

2⇡Rg
, (7)

where g is the e↵ective 3+1 coupling which matches onto
g
5

in the UV. We see that Natural Inflation structure
(with innocuous harmonics), with f > M

pl

, can emerge
at a sub-Planckian compactification scale, 1/R ⌧ M

pl

,
by choosing weak gauge coupling g ⌧ 1. After reaching
the minimum of its potential the inflaton can “reheat”
the Universe to a radiation-dominated phase by decaying
into the charged matter.
The requirement g ⌧ 1 seems suspiciously close to

g = 0, the limit in which the U(1) gauge symmetry e↵ec-
tively reverts to an exact global symmetry, at odds with
QG. Indeed, Extranatural Inflation runs afoul of a subtle
QG criterion known as the Weak Gravity Conjecture [29].
(For related work see e.g. [35–41].) The WGC again uses
universal features of black holes to provide insights into
QG constraints on EFT. In brief, one argument is as fol-
lows. (We will discuss this and other motivations for
the WGC at greater length in [30].) Ref. [32] has shown
that in EFTs containing both a Maxwell gauge field and
General Relativity, the associated gauge group must be
compact U(1), in the sense that electric charges must be
quantized in integer multiples of the coupling g, in or-
der to avoid other exact global symmetries and related
negative consequences. Then, there exist large black
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known superstring constructions, which provide reason-
ably explicit UV descriptions of QG. Such constructions
feature many moduli fields (for example, describing the
size and shape of several extra dimensions) which must be
stabilized and which also receive time-dependent back-
reaction e↵ects during the course of inflation. Consis-
tently constructing and analyzing models of this type
can be an involved and di�cult task, and there is as
yet no fully realistic top-down derivation. Nevertheless,
considerable qualitative progress has been made on possi-
ble shapes and field-ranges of inflaton potentials in string
theory and their e↵ects [10–18].

Alternatively, one can try to construct bottom-up ef-
fective field theory models, incorporating simple mech-
anisms that shield the inflationary structure from un-
known QG corrections, aspects of which have been pre-
viously explored in e.g. [19–28]. However, studies of ro-
bust quantum properties of large black hole solutions
in General Relativity, as well many string theory prece-
dents, strongly suggest that there are non-trivial con-
straints on e↵ective field theory couplings in order for
them to be consistent with any UV completion incorpo-
rating QG, which make inflationary model-building chal-
lenging. In this paper, we will discuss the impact of such
black-hole/QG considerations in the context of Natural
Inflation, in particular the role of the Weak Gravity Con-
jecture (WGC) [29]. While these considerations rule out
some inflationary models, we demonstrate for the first
time that there do exist simple and predictive e↵ective
theories of natural inflation, consistent with the WGC,
where the inflaton arises from components of higher-
dimensional gauge fields. The advantage of the e↵ective
field theory approach is two-fold: (i) the models have
relatively few moving parts, whose dynamics can be an-
alyzed quite straightforwardly and comprehensively, and
(ii) one can achieve full realism. We believe that such a
higher-dimensional realization yields the most attractive
framework for cosmic inflation to date. Further elabora-
tion of our work will be presented in [30].

QUANTUM GRAVITY CONSTRAINTS

Classical black holes can carry gauge charges, observ-
able by their gauge flux outside the horizon, but not
global charges. Studies of black hole formation and
Hawking evaporation, combined with the statistical in-
terpretation of their entropy, then imply that such quan-
tum processes violate global charge conservation [31, 32].
By the Uncertainty Principle this holds even for virtual
black holes, implying that at some level global symme-
tries such as those desired for Natural Inflation cannot
co-exist with QG. Of course, global symmetries are seen
in a variety of experimental phenomena, but these are
accidental or emergent at low energies, while Natural In-
flation only achieves slow roll for f > M

pl
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is that 1/f may represent a weak coupling and low-scale
symmetry breaking rather than very high scale breaking.
The mechanism of “Extranatural Inflation” [19] precisely
exploits this loop-hole, realizing � as a low-energy rem-
nant of a U(1) gauge symmetry. The model is electro-
dynamics, but in 4+1-dimensional spacetime, with the
usual dimensions, xµ=0�3, augmented by a very small
extra-dimensional circle, x5 2 (�⇡R,⇡R]. The 3+1-
dimensional inflaton is identified with the phase of the
gauge-invariant Wilson loop around the circle,

�(xµ) ⌘ 1

2⇡R

I
dx5A

5

(xµ, x5). (5)

Classically, the masslessness of the Maxwell field,
AM=µ,5, matches onto V (�) = 0 in the long distance
e↵ective theory � R. But 4+1D charged matter, with
charge g

5

, mass m
5

, and spin S, corrects the quantum
e↵ective potential [33, 34],
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where (e�2⇡Rm5)/R4 is a typical (Yukawa-suppressed)
extra-dimensional Casimir energy density, and the phase
captures an Aharonov-Bohm e↵ect around the circle. We
have written this in terms of the emergent scale,

f ⌘ 1

2⇡Rg
, (7)

where g is the e↵ective 3+1 coupling which matches onto
g
5

in the UV. We see that Natural Inflation structure
(with innocuous harmonics), with f > M

pl

, can emerge
at a sub-Planckian compactification scale, 1/R ⌧ M

pl

,
by choosing weak gauge coupling g ⌧ 1. After reaching
the minimum of its potential the inflaton can “reheat”
the Universe to a radiation-dominated phase by decaying
into the charged matter.
The requirement g ⌧ 1 seems suspiciously close to

g = 0, the limit in which the U(1) gauge symmetry e↵ec-
tively reverts to an exact global symmetry, at odds with
QG. Indeed, Extranatural Inflation runs afoul of a subtle
QG criterion known as the Weak Gravity Conjecture [29].
(For related work see e.g. [35–41].) The WGC again uses
universal features of black holes to provide insights into
QG constraints on EFT. In brief, one argument is as fol-
lows. (We will discuss this and other motivations for
the WGC at greater length in [30].) Ref. [32] has shown
that in EFTs containing both a Maxwell gauge field and
General Relativity, the associated gauge group must be
compact U(1), in the sense that electric charges must be
quantized in integer multiples of the coupling g, in or-
der to avoid other exact global symmetries and related
negative consequences. Then, there exist large black
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known superstring constructions, which provide reason-
ably explicit UV descriptions of QG. Such constructions
feature many moduli fields (for example, describing the
size and shape of several extra dimensions) which must be
stabilized and which also receive time-dependent back-
reaction e↵ects during the course of inflation. Consis-
tently constructing and analyzing models of this type
can be an involved and di�cult task, and there is as
yet no fully realistic top-down derivation. Nevertheless,
considerable qualitative progress has been made on possi-
ble shapes and field-ranges of inflaton potentials in string
theory and their e↵ects [10–18].

Alternatively, one can try to construct bottom-up ef-
fective field theory models, incorporating simple mech-
anisms that shield the inflationary structure from un-
known QG corrections, aspects of which have been pre-
viously explored in e.g. [19–28]. However, studies of ro-
bust quantum properties of large black hole solutions
in General Relativity, as well many string theory prece-
dents, strongly suggest that there are non-trivial con-
straints on e↵ective field theory couplings in order for
them to be consistent with any UV completion incorpo-
rating QG, which make inflationary model-building chal-
lenging. In this paper, we will discuss the impact of such
black-hole/QG considerations in the context of Natural
Inflation, in particular the role of the Weak Gravity Con-
jecture (WGC) [29]. While these considerations rule out
some inflationary models, we demonstrate for the first
time that there do exist simple and predictive e↵ective
theories of natural inflation, consistent with the WGC,
where the inflaton arises from components of higher-
dimensional gauge fields. The advantage of the e↵ective
field theory approach is two-fold: (i) the models have
relatively few moving parts, whose dynamics can be an-
alyzed quite straightforwardly and comprehensively, and
(ii) one can achieve full realism. We believe that such a
higher-dimensional realization yields the most attractive
framework for cosmic inflation to date. Further elabora-
tion of our work will be presented in [30].

QUANTUM GRAVITY CONSTRAINTS

Classical black holes can carry gauge charges, observ-
able by their gauge flux outside the horizon, but not
global charges. Studies of black hole formation and
Hawking evaporation, combined with the statistical in-
terpretation of their entropy, then imply that such quan-
tum processes violate global charge conservation [31, 32].
By the Uncertainty Principle this holds even for virtual
black holes, implying that at some level global symme-
tries such as those desired for Natural Inflation cannot
co-exist with QG. Of course, global symmetries are seen
in a variety of experimental phenomena, but these are
accidental or emergent at low energies, while Natural In-
flation only achieves slow roll for f > M

pl

! A loop-hole

is that 1/f may represent a weak coupling and low-scale
symmetry breaking rather than very high scale breaking.
The mechanism of “Extranatural Inflation” [19] precisely
exploits this loop-hole, realizing � as a low-energy rem-
nant of a U(1) gauge symmetry. The model is electro-
dynamics, but in 4+1-dimensional spacetime, with the
usual dimensions, xµ=0�3, augmented by a very small
extra-dimensional circle, x5 2 (�⇡R,⇡R]. The 3+1-
dimensional inflaton is identified with the phase of the
gauge-invariant Wilson loop around the circle,

�(xµ) ⌘ 1

2⇡R

I
dx5A

5

(xµ, x5). (5)

Classically, the masslessness of the Maxwell field,
AM=µ,5, matches onto V (�) = 0 in the long distance
e↵ective theory � R. But 4+1D charged matter, with
charge g
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, mass m
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, and spin S, corrects the quantum
e↵ective potential [33, 34],

�V (�) =
3(�1)S

4⇡2

1

(2⇡R)4

X

n2Z
cne

�2⇡nRm5 Re ein�/f

cn(2⇡Rm
5

) =
(2⇡Rm

5

)2

3n3

+
2⇡Rm

5

n4

+
1

n5

, (6)

where (e�2⇡Rm5)/R4 is a typical (Yukawa-suppressed)
extra-dimensional Casimir energy density, and the phase
captures an Aharonov-Bohm e↵ect around the circle. We
have written this in terms of the emergent scale,

f ⌘ 1

2⇡Rg
, (7)

where g is the e↵ective 3+1 coupling which matches onto
g
5

in the UV. We see that Natural Inflation structure
(with innocuous harmonics), with f > M

pl

, can emerge
at a sub-Planckian compactification scale, 1/R ⌧ M

pl

,
by choosing weak gauge coupling g ⌧ 1. After reaching
the minimum of its potential the inflaton can “reheat”
the Universe to a radiation-dominated phase by decaying
into the charged matter.
The requirement g ⌧ 1 seems suspiciously close to

g = 0, the limit in which the U(1) gauge symmetry e↵ec-
tively reverts to an exact global symmetry, at odds with
QG. Indeed, Extranatural Inflation runs afoul of a subtle
QG criterion known as the Weak Gravity Conjecture [29].
(For related work see e.g. [35–41].) The WGC again uses
universal features of black holes to provide insights into
QG constraints on EFT. In brief, one argument is as fol-
lows. (We will discuss this and other motivations for
the WGC at greater length in [30].) Ref. [32] has shown
that in EFTs containing both a Maxwell gauge field and
General Relativity, the associated gauge group must be
compact U(1), in the sense that electric charges must be
quantized in integer multiples of the coupling g, in or-
der to avoid other exact global symmetries and related
negative consequences. Then, there exist large black
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• f ~ 1/Rg >> 1 seems to clash w/ the “magnetic” WGC: 
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• Use two U(1)’s w/ particles of charges (1,0) & (N,1) 

• If N >>1, then feff ~ N fB without taking fA/B >> MP 

• String coupling in the regime of interest as gN ~ 1? 
• Assumptions on magnetic spectrum & UV completion
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Work in Progress

• Is this potential reliable over super-Planckian ranges? 

• V(𝜙) is obtained by integrating over a field slice with 
frozen metric, gauge fields and internal radius. 

• Dynamics of the dilaton (radius) and gravity not taken 
into account. Instanton interpretation is obscure. 

• “KK sum ~ instanton sum” reminiscent of what was 
found in an N=2 SUSY context [e.g., Nekrasov, …].

e�iV (�) ?⇠
Z
[d ][d�0]eiS( ,�+�0,Aµ=0,R=R0,gµ⌫=�µ⌫)
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Conclusions

• Inflation is sensitive to UV physics. Large field inflation 
requires even more input from quantum gravity. 

• We have made the WGC precise for (a large class of) 
axions which can be dualized to U(1) gauge fields. 

• Constraints on multiple axions in terms of convex hull 
(bound on the “diameter” of axion space): 

• KNP, N-flation, kinetic mixing,…
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to illuminate black holes, inflation, and string theory.
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Example?
• Stabilized compactification of IIB orientifold [Denef et al ’05]  

• Orientifold of resolution of T6/Z2 x Z2 

• h1,1= 51, 48 exceptional divisors, SO(8)12 on O7’s 
• Stabilizing complex structure moduli w/ fluxes and 

Kahler moduli w/ instantons to an AdS minimum: 

• Recently used for RMT study of multi-axion inflation 
[Bachlehner et al ’14]; “diameter” D ≃ 1.1 MP (so f < MP still). 

• Many possible corrections: 𝛼’ and G3-flux corrections to 
W, K as well as to MP.

Stabilized compactification:
Orientifold of resolution of                     Denef et al. 04 (DDFGK)

; 48 exceptional divisors, 12 SO(8) stacks on O7-planes
Explicit 3-form flux quanta, explicit moduli stabilization.

Renormalization of GN? 1% from           ; others?
Other      corrections?
Further instantons, e.g. in K?

Worth examining this model, or a similar vacuum, very closely.
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Possible corrections:

⇒ Vol Einstein ≃ 55; Vol String  ≃7  


